Commercially available ruthenium catalyst, Cp*RuCl(COD), was found to be active in catalyzing Bis-Homo-Diels-Alder [2+2+2] cycloaddition reactions between 1,5-cyclooctadiene and various alkynes giving moderate to good yields (35-92%). The presence of electron donating groups, especially hydroxyl groups, greatly enhanced the reactivity of the alkyne moiety in the cycloaddition. The reaction was also found to be successful even in the presence of bulky substituents on the alkynes.
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Introduction
Since the introduction of Lipinski rule of five in 1997 1 creating cyclic structure has been one of the main goals in synthetic organic chemistry. In a 2016 review it was stated that more than 50% of all globally approved drugs contained at least one non-aromatic ring system and over 70% of the drugs contained at least one aromatic system. 2 shown to have inhibitory effects on Bcl-xL which is an anti-apoptotic protein commonly found in cancer cells, particularly those that are resistant to conventional chemotherapies.
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[ Figure 1 ]
This reaction was found to work well when the alkyne contained polar functional groups, most notably hydroxyl groups; however, a large decrease in yield was observed when aromatic rings were present on the alkyne partner. 9 Importantly it was noted that electron-withdrawing groups decreased the rate of the reaction and an increase from 20 hours to 90 hours was needed for reaction completion to be reached. 9 The ruthenium catalyst used, CpRuCl(COD) (Cp = cylopentadienyl), also posed a problem as it is not commercially available and required a threestep synthesis, with one of the steps involving a dangerous hydrazine derivative.
More examples of this reaction can be found in the work done by Alvarez et al., in which they explored the synthesis of novel ruthenium catalysts. 12 It was found that the synthesized [Ru(η 5 -C 9 H 7 )Cl(COD)] was an effective catalyst. 12 Good yields were obtained even when bulky phenyl groups were present on the alkyne; however, yields were decreased when terminal alkynes and alkynes bearing two phenyl groups were used. 12 To the author's best knowledge, the work done by the Trost and Alvarez groups are the only experimental examples that exist on Bis-Homo-Diels-Alder [2+2+2] cycloaddition reactions. Since both catalysts used by these groups are not commercially available and the scope of the reaction is limited it was the aim of our group to further explore this reaction by first searching for commercially available ruthenium catalysts, followed by screening various alkynes to determine the scope of the reaction. The reaction between COD and methyl 2-hexynoate was then chosen to screen for commercially available neutral ruthenium catalysts (Table 1) . Initially methanol was chosen as the solvent; however, evaporation was seen at the reaction temperature of 70°C, thus prompting the switch to ethanol as the solvent for the rest of the trials.
[ Table 1] The reaction was unsuccessful when a Ru(III) catalyst was used (entry 1) and the only success was seen when Ru(II) catalysts were used (entries 7-9). It was noted that the reaction D r a f t 6 failed or led to a poor yield when the catalyst used contained either CO ligands (entries 3 and 4) or triphenylphosphine ligands (entries 5-7). Moderate and excellent yields were only seen when the catalyst bore a COD ligand (entries 8 and 9). The catalyst Cp*RuCl(COD) gave the best yield of 90% (entry 9) and was chosen for solvent and temperature optimizations.
Using the same reaction between COD and methyl 2-hexynoate catalyzed by Cp*RuCl(COD) the effect of solvent on the reaction was investigated ( Table 2) . Several polar and non-polar solvents were used. It was found that the reaction failed when a non-polar aromatic solvent was used (entry 7). Polar aprotic solvents also dramatically decreased the yield to 0-10% (entries 3-6). The reaction proceeded well when polar protic solvents were used (entries 1, 2 and 11); however, when sterically hindered alcohols (entries 9 and 10) were used the yields decreased significantly. Therefore, ethanol was chosen as the solvent for subsequent trials.
Unlike what we observed previously using the same Ru catalyst with our studies on homo-Diels- product in this current study, regardless of what solvent was used.
[ Table 2 ]
Next, the effects of temperature were investigated and the results are summarized in Table 3 . When the reaction was carried out at 100°C (entry 4), [ Table 3 ]
Following optimization of the reaction conditions the scope of the Bis-Homo-Diels-Alder reaction was explored with a variety of internal alkynes (Table 4) . Several trends were noted. It was unsurprising that good yields were obtained when a hydroxyl group was present on the alkyne (entry 3 and 10). A yield of 79% was obtained with a primary propargylic alcohol (entry 10) and a yield of 81% was obtained with a primary homo-propargylic alcohol (entry 3).
However, when a secondary propargylic alcohol was used (entry 2), no cycloadduct was obtained and only decomposition of the starting material was observed. Although the hydroxyl group is not necessary for the [2+2+2] cycloaddition to occur (as 3-hexyne 2f also gave 63% yield of the [2+2+2] cycloadduct (entry 6)), however, the complete decomposition of the starting alkyne 2b (entry 2) indicates that the ruthenium may bind to the hydroxyl group. With a primary alcohol 2c or 2j (entries 3 and 10), this interaction could be beneficial to the desired reaction, presumably by stabilizing intermediate 7 or 8 (Scheme 3). A secondary alcohol, however, may lead to a more stable secondary propargylic carbocation, which decomposes. In our previous studies on the reactions of propargylic alcohols with oxabicyclic alkenes using the same catalyst, we observed that primary propargylic alcohols behaved quite differently than secondary propargylic alcohols (Scheme 2). 4d,e While Ru-catalyzed reaction of oxabicyclic alkene 10 with primary propargylic alcohol 11 produced [2+2] cycloadduct 13 as the only product, Ru-catalyzed reaction of oxabicyclic alkene 10 with secondary propargylic alcohol 12 afforded a mixture of
[2+2] cyclodduct 14, cyclopropane product 15 and isochromene product 16. Low yields were still observed when bulky phenyl groups were present (entry 4); however, changing the second substituent from a carboxylic acid (entry 4) to an alkyl group (entry 8) had a positive effect on the yield. Overall it was noted that the presence of an ester or a carboxylic acid led to an increase in yields especially when an alkyl chain was also present (entry 1). Interestingly when the ester D r a f t was changed to a second alkyl chain (entry 6) the yield was negatively affected. The reaction failed when a silyl group was introduced (entry 7) but was successful, although in poor yields, when two bulky benzyl groups were present on the alkyne (entry 9) and drastic increase in yield was seen when one of the benzyl containing groups was replaced with a group bearing an alcohol (entry 10).
[ Table 4 ]
[Scheme 2] Table 5 summarizes the results of the Cp*RuCl(COD) catalyzed Bis-Homo-Diels-Alder reaction between COD and a variety of terminal alkynes. It was noted that the reaction failed when the substituent present was an alkyl chain (entry 1). Surprisingly when a bulky phenyl group was present moderate yields were obtained (entry 2). Once again, good and moderate yields were obtained when the alkyne bore a hydroxyl group (entries 3-5 and entry 7) and it was observed that sterical hindrance of the hydroxyl group did not significantly affect the yield (entries 3 and 4). However, it was noted that chain length played an important role in the reaction. When the chain length of the alcohol was decreased by one carbon the yield decreased from 74% (entry 7) to 35% (entry 5). We believe that the increased reactivity of alkynes bearing hydroxyl groups may be attributed to possible coordination of the oxygen atom to the ruthenium thus bringing the two reactive sites closer together and facilitating the reaction. It was also noted that when a protected alcohol was used (entry 6) the THP-protecting group was lost and the corresponding alcohol was made in low yields. When an alkyne bearing an ester was used selftrimerization of the alkyne to a substituted benzene was observed. This is an unsurprising result as this is a known reaction that is catalyzed by the Cp*RuCl(COD) catalyst. 13 Indeed,
Cp*RuCl(COD) has been used to synthesize substituted benzenes from the intramolecular
[2+2+2] cycloaddition of 1,6-diynes and alkynes and from the intermolecular cyclotrimerization of triynes. 14 In cases where a 0% yield was reported, a brown band was observed on the top of the silica gel and was believed to be polymerized starting material.
[ Table 5 ]
It is interesting to note some of the differences in reactivity between the internal alkynes and terminal alkynes towards the Bis-Homo-Diels-Alder reaction. The reactivity of alkynes bearing alkyl chains was greatly affected. When an internal alkyne bearing two alkyl chains was used a yield of 63% was obtained (Table 4 , entry 6); however, when a terminal alkyne bearing an alkyl chain was used no product was obtained (Table 5 , entry 1). It was also noted that although the desired cycloaddition did not occur when the terminal alkyne used possessed an ester or a carboxylic acid (Table 5 , entry 8 and 9) the reaction was successful when a second R group was introduced (Table 4 , entries 1 and 3-5). In both cases when an alcohol group was present (Table   4 , entry 3 and 10 and Table 5 , entries 3-5 and 7) the reaction proceeded to give a range of moderate to good yields.
A possible mechanism of the Bis-Homo-Diels-Alder reaction has been proposed by the Trost group 9 and computational studies 15 
Conclusion
In conclusion, through this study a commercially available neutral ruthenium catalyst has been identified that provided similar or improved yields when compared to the synthesized catalysts used by other groups. With the use of this catalyst several novel Bis-Homo-Diels-Alder cycloaddition products have been synthesized, including those containing bulky phenyl and benzyl groups. Indeed Cp*RuCl(COD) has proven to be a versatile catalyst in its ability to catalyze not only Bis-Homo-Diels-Alder cycloadditions as shown here, but also Homo-Diels- ]dec-7-ene (Table 4, ]dec-7-ene ( ]dec-7-en-7-yl)-1-ethanol (Table 5, ]dec-7-en-7-yl)ethanol ( 
